Coenzyme Q10 (CoQ) or ubiquinone is found in the biological system which is synthesized by the conjugation of benzoquinone ring with isoprenoid chain of variable length. Coenzyme Q10 supplementation energizes the body and increases body energy production in the form of ATP and helps to treat various human diseases such as cardiomyopathy, muscular dystrophy, periodontal disease, etc. Reports of these potential therapeutic advantages of CoQ10 have resulted in its high market demand, which focus the researchers to work on this molecule and develop better bioprocess methods for commercial level production. At the moment, chemical synthesis, semi-synthetic method as well as bio-production utilizing microbes as biofactory are in use for the synthesis of CoQ10. Chemical synthesis involves use of cheap and easily available precursor molecules such as isoprenol, chloromethylquinone, vinylalane, and solanesol. Chemical synthesis methods due to the use of various solvents and chemicals are less feasible, which limits its application. The microbial production of CoQ10 has added advantages of being produced in optically pure form with high yield using inexpensive medium composition. Several bacteria, e.g., Agrobacterium, Paracoccus, Rhodobacterium, and yeast such as Candida, Rhodotorula are the potent ubiquinone producer. Some alternative biosynthetic pathway for designing of CoQ10 production coupled with metabolic engineering might help to increase CoQ10 production. The most common practiced strategy for strain development for commercial CoQ10 production is through natural isolation and chemical mutagenesis. Here, we have reviewed the chemical, semi-synthetic as well as microbial CoQ10 production in detail.
Introduction
Coenzyme Q (CoQ), also named ubiquinone, ubidecarenone, or coenzyme Q10, is a well-known ubiquitous coenzyme found in the biological system which is synthesized by the conjugation of benzoquinone ring with isoprenoid chain of variable length (Figs. 1a, b, 2) . Quinone species like coenzyme Q10 can be artificially synthesized which helps to treat various human diseases like cardiomyopathy, muscular dystrophy, periodontal disease, and in the early stages of congestive heart failure. The increasing frequency of these diseases has led to high demand of coenzyme Q10 and, therefore, continuous requirement of developing better and improved bioprocess methods to meet the requirement of commercial scale production using microbes. Japanese pharmaceutical companies started commercial production of pure CoQ10 during mid-1970 . In 1978 Mitchell received the nobel prize for their immense contribution to understand biological energy transfer through the formulation of the chemiosmotic theory, which includes the vital proton motive role of CoQ10 in energy transfer systems (Yasukazu et al. 2006; Klingen et al. 2007; Zhu et al. 2007 ). In the early 1980s, high-performance liquid chromatography was developed for direct measurement of CoQ10 level in blood and tissue samples. At the same time, the importance of CoQ10 as an antioxidant and free radical scavenger was reported by Lars Ernster of Sweden (Martin et al. 2007 ).
Why coenzyme Q10?
Due to the stress conditions resulting from disease or by busy life style of human, aging factors are continuously 1 3 249 Page 2 of 11 increasing and energy production of body system is decreasing. Mitochondria are known as the power houses of cell for energy production. Coenzyme Q10 is very important player in the electron-transport chain of mitochondria. During the stress condition, energy production as well as CoQ10 levels in the body decreases. This can be compensated by giving coenzyme Q10 supplementation orally and health conditions can be improved greatly. Coenzyme Q10 supplementation energizes the body and increases body energy production in the form of ATP.
Coenzyme Q10 is found at the inner mitochondrial membrane, which transfer electron from dehydrogenases bounded to membrane to complex III of ETC and reduce them (Lenaz et al. 2007; Klingenet al. 2007; Zhu et al. 2007) . Coenzyme Q10 also act as free radical scavenger which help to protect membrane protein and phospholipids from lipid peroxidation by regeneration of tocopherol (Yasukazu et al. 2006; Martin et al. 2007 ). Bacteria possess various structurally similar quinones like coenzyme Q (CoQ), e.g., de methyl menaquinone (DMK) and menaquinone (MK). They act as electron carriers during respirational oxidation (Ingledew and Poole 1984; Bader et al. 2000) . CoQ is involved in aerobic respiration, whereas DMK and MK are part of anaerobic respiration (Ingledew and Poole 1984) . CoQ molecules are classified (CoQ-n) on the basis of side chain length (n). For example, the main CoQ species in humans is CoQ10, whereas, in rodents, Escherichia coli and Saccharomyces cerevisiae, it is CoQ9, CoQ8, and CoQ6, respectively. E. coli and S. cerevisiae are model organisms which are used for deciphering biosynthetic pathway of CoQ (Kwon et al. 2000; Belogrudov et al. 2001; Thai et al. 2001; Gin et al. 2003; Johnson et al. 2005; Tran et al. 2006) .
Coenzyme Q10 as miracle molecule/super-vitamin
Coenzyme Q is also considered as vitamin Q, because the body cannot synthesize it in sufficient amount for the best of health, and extra amounts of CoQ should be obtained from food. Therefore, CoQ is called as vitamin: a natural, organic substance in food that is required for health and survival. Coenzyme Q10 acts as a supporting medicine ( Fig. 3 ; Table 1 ). Hernández-Camacho et al. (2018) have summarized the importance of CoQ10 in the treatment of the various human diseases. The oral administration of CoQ10 is reported to be beneficial for the treatment of various human diseases such as cardio-myopathy, Parkinson's, Alzheimer's, diabetes, etc.; moreover, they are also found to reduce the risks of statin drugs from myopathy (Hodgson et al. 2002; Dhanasekaran and Ren 2005; Caso et al. 2007 ). Mutations in CoQ biosynthetic enzymes or associated enzymes lead to low CoQ10 level, which cause encephalomyopathy, Leigh syndrome, and cerebellar ataxia (López et al. 2006; Quinzii et al. 2005 Quinzii et al. , 2006 Mollet et al. 2007) . Coenzyme Q10-deficient patients show health improvement upon supplementation of CoQ10, Artuch et al. 2006) .
Because of its antioxidant properties, CoQ10 is also getting popularity among cosmetic industries (Prakash et al. 2010) . Varela-López et al. (2016) has reviewed the current knowledge and evidenced the roles of CoQ cells, its relationship with aging, and possible implications of dietary CoQ in relation to aging, lifespan, or age-related diseases. Reports of these potential therapeutic advantages of CoQ10 have resulted in its high market demand, which focus the researchers to work on this molecule and develop better bioprocess methods for commercial level production. Until now, bacterial mutant selection method has been found to be a predominant approach for improving the production of CoQ10. However, this strategy has almost reached at its threshold level and is insufficient to overcome the demand. Therefore, some alternative approaches such as biosynthetic pathway designing of CoQ10 production coupled with metabolic engineering might help to increase CoQ10 production.
CoQ10 production methods

Chemical synthetic and semi-synthetic methods for CoQ10 production
In naturally occurring CoQ10, the tail part consists of isoprene units and all of them exist in E-conformation. Therefore, all the CoQ10 synthesized by chemical method must also be stereoselectively in E conformation. Negishi et al. (2002) reported a novel, highly selective, and general methodology for the synthesis of 1,5-diene-containing oligoisoprenoids of all possible geometrical combinations exemplified by an iterative and convergent synthesis of coenzyme Q10. In this chemical synthesis method, terpenoids containing 1,5-diene units of E and/or Z geometry involved Pdcatalyzed homoallyl-and homopropargyl-alkenyl coupling and Zr-catalyzed carboalumination of alkynes (Negishi et al. 2002) . They developed an efficient and selective convergent synthesis of coenzyme Q10 (2) (4), and 2,3-dimethoxy-4-chloromethyl-5-methyl-1,4-benzoquinone (5) in nine steps with 26% overall yield (Negishi et al. 2002) , where Pd catalyzes homoallyl-and homopropargyl-alkenyl coupling reaction (Fig. 4a) . Lipshutz et al. (2002) reported the easy chemical synthesis method (Fig. 4 b, c d) for CoQ 10 production from 2-alkoxy-3, 4-dimethoxy-6-methylbenzyl chloride, 1-TMS propyne, and solanesol. They utilized solanesol (3) and nonaprenol derived from tobacco leaves as the source of isoprenoid side chain (2) in CoQ semi-synthetic method (Fig. 4b) (Lipshutz et al. 2002) . The head part of the CoQ was synthesized from a readily available inexpensive crystalline benzaldehyde (6) (Lipshutz et al. 2002) . After tosylation (98%), the resulting crystalline aldehyde (7) (Fig. 4c) was smoothly converted to the coupling partner, i.e., derived benzylic chloride (8) (Lipshutz et al. 2002) . Therefore, by preparing "2" in three steps (Lipshutz et al. 2002) and "8" available commercially, the coupling was carried out using Fig. 4 a Chemical synthesis of coenzyme Q10 (Negishi et al. 2002) ; b preparation of Alkynes (Lipshutz et al. 2002) ; c generation of coupling partner (Lipshutz et al. 2002) ; d cross coupling and final conversion of CoQ10 (Lipshutz et al. 2002) ; e single-step coenzyme Q10 synthesis (Lipshutz et al. 2005) ; f new improved synthesis process by (Lipshutz et al. 2007) ; and g synthesis of CoQ10 (Ravada et al. 2009) nickel as catalyst with overall 64% yield without any impurities of cis-isomer and coenzyme Q9 (Lipshutz et al. 2002) (Fig. 4d) . Lipshutz et al. (2005) reported an improved synthesis of miracle nutrient CoQ10. They discovered a new route to the key coupling partner (Fig. 4e) , chloromethylated CoQ 0 (1), which allows for the direct formation of CoQ10 (3) via a nickel-catalyzed cross coupling with the side chain in the form of an in situ-derived vinyl alane (2). Lipshutz et al. (2007) further addressed the limitation of chemical synthesis methodology as it requires the − 70 °C temperature, and moreover, the regioisomeric product produces hurdle in the separation of isomeric form of CoQ10. Lipshutz et al. (2007) proposed the new "generation" advanced methodology for the terminal alkynes carboalumination (Fig. 4e) . They found that using simple, inexpensive additives which alter the Al-Zr complex formed between Me 3 Al and Cp 2 ZrCl 2 (Fig. 4f ) result in the effective reagent mix which provides the complete control of regiochemistry on 1-alkynes carboalumination (Lipshutz et al. 2007 ). They stated that regioisomers from subsequent coupling are avoided, which otherwise will be difficult to separate (Lipshutz et al. 2007) . Ravada et al. (2009) proposed CoQ10 production starting from a relatively inexpensive isoprenol as precursor. They carried out the prenylation of 2, 3-dimethoxy-5-methylhydroquinone (2) (Fig. 4g) using isoprenol in the presence of a lewis acid, which upon subsequent selective oxidation of Fig. 4 (continued) 1 3 249 Page 6 of 11 trans-methyl group of isoprenyl side chain and subsequent allylic bromination yielded a bromide precursor (Ravade et al. 2009 ). The ptoluenesulfination of the bromide followed by coupling with solanesyl bromide and de-ptoluenesulfination resulted in the production of dimethyl derivative of the CoQ10-quinol (Fig. 4g) . Finally, CAN oxidation of dimethyl quinol followed by purification produced CoQ10 with 13% overall yield (Fig. 4g) (Ravade et al. 2009 ). Luo et al. 2017 have summarized the latest details in CoQ10 synthesis. They have reviewed the detailed discussion of recent advances in the semi-synthesis of CoQ10.
Biosynthesis
CoQ10-producing microorganisms
Paracoccus denitrificans, Agrobacterium tumefaciens, and Rhodobacter sphaeroides are the naturally high producers of CoQ10 (Tokdar and Khora 2017) . Notably, these strains produce only one class of quinine, i.e., CoQ in contrast to E. coli, which produces various classes of quinines, i.e., CoQ, MK and DMK (Yoshida et al. 1998) . These strains produce CoQ10 in the range of 30-130 mg/L (Yoshida et al. 1998) . A minimum of 500 mg/L yield is expected from a commercially viable strain which implies that these natural strains have failed to meet the industrial requirement for production of CoQ10. Optimization of growth-conditions and metabolic regulation has been examined in these natural producer strains so as to improve their CoQ biosynthesis efficiency. Tokdar et al. (2014a) developed an induced mutants from Paracoccus denitrificans ATCC 19,367 showing the antibiotic resistant markers using protoplast fusion technology. They developed an induced mutants PF-P1 which showed 1.73-fold (1.51 mg/g) enhancement in the specific CoQ10 content than wild-type strain (Todker et al. 2014a) . They further developed a process technology for the production of CoQ10 at 2L bioreactor level and achieved 2.44 mg/g specific CoQ10 yield (Tokdar and Khora 2017) . A superior mutant strain P-87 was also generated from Paracoccus denitrificans ATCC 19,367 (Tokdar et al. 2015) through the iterative rounds of mutagenesis using gamma rays and NTG, followed by selection on various inhibitors like CoQ10 structural analogues and antibiotics which showed 1.25-fold improvement (Tokdar et al. 2014b ) in specific CoQ10 content higher than the wild-type strain at shake flask level (1.63 mg/g specific CoQ10).
The most important factors which regulate the fermentation process during CoQ10 biosynthesis in these bacterial strains are oxidation-reduction potential (ORP). By limiting the supply of O 2 , they are able to maintain low ORP condition which in turn results in the increment of CoQ10 production in A. tumefaciens and R. sphaeroides strains (Yoshida et al. 1998; Choi et al. 2005; Ha et al. 2007 ). This outcome might result due to the reduction of ORP which results in shifting of ratio of oxidized CoQ and reduced CoQH 2 towards reduced CoQH 2 . This shifting results in imbalance of respiratory system and/or scavenge reactive electrons can cause harm to their own membranes; therefore, to compensate this effect, cells trigger themselves to produce more of CoQ10 (Choi et al. 2005) . Ha et al. (2008) improved the CoQ production in A. tumefaciens KCCM 10,413 by 22.8% to give 562.3 mg/L CoQ10 production using corn steep powder as a nitrogen source and lactate as a supplement. Improved CoQ10 production arising by lactate supplementation was ascribed to the high cell concentration and specific CoQ10 content derived from the acceleration of TCA cycle and energy production (Ha et al. 2008 ). Balakumaran and Meenakshisundaram (2015) significantly enhanced CoQ10 production from 10 mgL (in control) to 39.2 mg/L in batch mode with RSM-optimized precursor concentration. Using fed-batch mode, PHB and soybean oilfeeding strategy they obtained enhanced CoQ10 production (78.2 mg/L) (Balakumaran and Meenakshisundaram 2015) . Lee et al. (2017) have recently discussed various strategies currently adopted to overproduce CoQ10 and have discussed some of the potential novel areas for future research. Current development in the production of CoQ10 is going on continuously from plant, recombinant Escherichia coli, and metabolically engineered Escherichia coli sources (Pahari et al. 2016) . Heterologous expression of various rate limiting key regulatory enzymes in E. coli has resulted in the upgraded CoQ10 bio-production (Choi et al. 2009; Huang et al. 2011 ).
Biosynthesis of coenzyme Q10 in prokaryotes and eukaryotes
The biosynthesis of CoQ10 has been extensively studied in prokaryotic and eukaryotic organisms. CoQ metabolic synthesis is coupled with two discrete biosynthestic pathways. The first step results in the formation of aromatic quinone head group and in a separate pathway production of isoprene tail occurs. In the final step, the the attachment of various length of condensed isoprene units to the aromatic head group results in the formation of CoQ. In eukaryotes, CoQ10 is embedded in plasma membrane and plays a crucial role in various cellular metabolic pathways including mitochondrial respiratory chain. Acetyl co-A undergoes series of enzymatic reaction resulting in the production of the isoprenoid side chain of CoQ10, whereas benzoquinone is derived from amino acid tyrosine (Fig. 5a ). CoQ10 biosynthetic pathway has common steps with that of cholesterol, isopentenyl pyrophosphate and its isomer dimethyl allyl pyrophosphate. However, in case of CoQ10 synthesis, it is linked alternately to form polyprenyl chain, which is also called isoprene (Fig. 5b) . The biosynthesis of isoprenoids occurs via two distinct pathways: the mevalonate pathways and non-mevalonate pathways (deoxy-xylulose 5-phosphate) known as DXP pathway (Fig. 5b) . Mevalonate pathways are associated with archaebacteria and eukaryotes, whereas DXP pathway is found in eubacteria (Croteau et al. 2000) . In prokaryotes, the benzoquinone is synthesized by p-hydroxybenzoate (PHB) via shikimate pathway a key pathway in the biosynthesis of aromatic amino acid. Chorismate is converted to PHB and is used for prenylation and ring modification by a reaction catalyzed by chorismate pyruvate lyase encoded by ubiC in E. coli (Fig. 5c) . The terminal step of CoQ10 biosynthesis is different in prokaryotes as compared to that of eukaryotes. In prokaryotes' ring modifications by side chain, attachment is followed by decarboxylation step prior to hydroxylation and methylation step, whereas in case of eukaryotes, hydroxylation and methylation are followed by decarboxylation step.
CoQ is present in all subcellular compartments, and therefore, its transport is required within the cell. AcetylCoA is the initial substrate for the product which is FPP. Most of the enzymes of CoQ biosynthesis are present in the cytosol except the HMG-CoA reductase. HMG-Co A reductase is localized in microsomes and peroxisomes is the key regulatory enzyme of the mevalonate pathway which preferentially affects the CoQ synthesis (Turunen et al. 2004) . Statin is the main inhibitor of HMG-Co-A reductase (Istvan 2003) . The initial steps of mevalonate pathway result in formation of farnesyl-PP (FPP) from acetyl-CoA. FPP is the last common substrate which can lead to formation of several different end products including CoQ10 (Turunen et al. 2004) . In addition to HMGCoA reductase, various branch point enzymes after FPP synthase like squalene synthase, Cis phenyl transferase, and trans-prenyl transferase for cholesterol, dolichol, and CoQ10, respectively, are the main regulatory enzymes for lipid biosynthesis (Turunen et al. 2002) .
Technoeconomic feasibility
CoQ production by chemical and microbial methods is well practiced. CoQ production by chemical synthesis predominately forms "cis" isomer in the side chain (pharmacologically less active form) and also produces coenzyme Q9 having nine isoprene unites in the side chain as a bi-products which needs extra purification step for its elimination. On the other hand, CoQ production by natural bacterial fermentation process produces only "trans" form of the coenzyme Q10 (pharmacologically active form), with trace of coenzyme Q9. The chemical synthesis method produces CoQ10 in low yield, whereas microbes produce high levels of CoQ10 naturally.
Due to the growing demand by pharmaceutical industry, the economical production of CoQ10 using biological processes is becoming more important. To increase the CoQ10 yield, there have been frequent attempts to engineer key enzymes within the CoQ10 pathway. For CoQ10 production, potential future engineering approaches have been used. By chemical mutagenesis, improvements in UQ-10 production were achieved. Attempts to increase the production level and specific CoQ10 content in recombinant hosts by metabolic engineering have to be made. There are various rate limiting steps in the CoQ10 biosynthesis such as Ubi A, DPS, and pHBA, and by targeting these steps, higher CoQ yield could be achieved (Cluis et al. 2011 ).
Inhibiors and stimulators of CoQ10 metabolic biosynthetic pathway
Antimycin
Antimycin is the most potent inhibitors of the ubiquinone reduction site (Qi site) of complex III. This inhibitor consists of salicylic acid and dilactane moiety. Salicylic acid moiety is recognized by the enzyme. The dilactane ring moiety plays a supporting role in inhibition binding to the Qi site by increasing the hydrophobicity of the molecules (Miyoshi 2005) .
Stigmatellin
Stigmatellin is one of the most potent inhibitors of the ubiquinone oxidation site (Qo site) of complex III (Miyoshi 2005) .
Paraquat
Paraquat (1, 1 dimethyl-4, 4 bipyridium di chloride) is an oxidative stressor by the process of lipid per-oxidation (Fukushima et al. 2002) .
Para-hydroxy benzoic acid
Ubiquinone biosynthesis pathways consist of two steps, first results in benzaquinone nucleus formation and second step results in formation of isoprenoid side chain. Tyrosinederived PHB is act as precursor for benzaquinone nucleus. The isoprene pathway probably up to the formation of isopentenyl pyrophosphate is shared by ubiquinone and sterol (Herebian et al. 2017) .
Lovastatin
Lovastatin inhibits the synthesis of cholesterol and other non sterol end products such as CoQ10. Lovastatin treatment diminishes ubiquinone and alpha tocopherol content (Rousseau et al. 1998 ).
Conclusion
Strategy of mutagenesis and/or selection on inhibitor has proven to be most result oriented until date if compared with other strategies used for enhancing CoQ10 production and strain selection. However, the scope for further improvement with this strategy is less, because the probability of positive mutations enabling growth using the selection media for higher coenzyme Q10 yields is very low. Moreover, there is need for higher throughput techniques for screening and detection of increased CoQ10 producing strains using random mutagenesis approach. On the other hand, metabolic engineering in contrast to random mutagenesis provides handy control for genetic modification in specific biochemical pathways. The initial attempts of engineered CoQ10 metabolic pathways for higher yield in E. coli provided rigid evidence for potential rational design for improving production yield of CoQ10 in biological systems. Despite these promising results of metabolic engineering, still, current yields obtained are not so efficient so as to fulfill the need of commercial scale production, and moreover, there are still needs of careful assessment of bottlenecks limitation in physiological and metabolic pathways of CoQ10 biosynthesis. The main riddle in this case is that whether the yield is low due to limited flux through these pathways or there are still some additional or unidentified physiological factors left to detect which limits CoQ10 production in E. coli and other mutants. These results signify that P. denitrificans along with other high yielding strains have some additional factors in their biochemical or physiological pathways that allow them for higher production and accumulation of CoQ10.
For this, most probable targeted sites could be the composition and the efficiency of electron-transport chain and/or the absence of other quinines which limits the flux of precursor, such as MK in case of P. denitrificans (Anraku 1988) . On careful analysis of higher yield producing strains, we can pick up the bottleneck points and then implement them in engineering of strain improvement for development of robust industrial strains to meet industrial scale need (Cluis et al. 2011) .
